Our previous findings showed that the expression of the Rosa hybrida vacuolar invertase 1 gene (RhVI1) was tightly correlated with the ability of buds to grow out and was under sugar, gibberellin and light control. Here, we aimed to provide an insight into the mechanistic basis of this regulation. In situ hybridization showed that RhVI1 expression was localized in epidermal cells of young leaves of bursting buds. We then isolated a 895 bp fragment of the promoter of RhVI1. In silico analysis identified putative cis-elements involved in the response to sugars, light and gibberellins on its proximal part (595 bp). To carry out functional analysis of the RhVI1 promoter in a homologous system, we developed a direct method for stable transformation of rose cells. 5 0 deletions of the proximal promoter fused to the uidA reporter gene were inserted into the rose cell genome to study the cell's response to exogenous and endogenous stimuli. Deletion analysis revealed that the 468 bp promoter fragment is sufficient to trigger reporter gene activity in response to light, sugars and gibberellins. This region confers sucroseand fructose-, but not glucose-, responsive activation in the dark. Inversely, the -595 to -468 bp region that carries the sugar-repressive element (SRE) is required to down-regulate the RhVI1 promoter in response to sucrose and fructose in the dark. We also demonstrate that sugar/light and gibberellin/light act synergistically to up-regulate b-glucuronidase (GUS) activity sharply under the control of the 595 bp pRhVI1 region. These results reveal that the 127 bp promoter fragment located between -595 and -468 bp is critical for light and sugar and light and gibberellins to act synergistically.
Introduction
Invertases represent a family of enzymes that are classified into two main groups, alkaline/neutral invertases and acid invertases, that display different biochemical properties and subcellular localizations. Alkaline/neutral invertases have an optimal pH within a 6.5-8.0 range (Roitsch and González 2004) and are involved in carbon partitioning, plant development and stress responses (Gallagher and Pollock 1998 , Qi et al. 2007 , Jia et al. 2008 , Barratt et al. 2009 , Welham et al. 2009 , Yao et al. 2009 , Xiang et al. 2011 . They are located in the cytoplasm and in various organelles (Lou et al. 2007 , Murayama and Handa 2007 , Szarka et al. 2008 , Vargas et al. 2008 , Vargas and Salerno 2010 , Martin et al. 2013 . Acid invertases are localized in the vacuole or in the apoplast and have an optimum pH of 3.5-5.5. Cell wall invertases play a key role in the control of sink activity (Miller and Chourey 1992 , Sturm 1999 , Tang et al. 1999 , Goetz et al. 2001 ) and developmental processes (Borisjuk et al. 2004 , Heyer et al. 2004 . Vacuolar invertases are encoded by a small multigene family composed of two members in Arabidopsis thaliana (Haouazine-Takvorian et al. 1997) , Gossypium hirsitum (Wang and Ruan 2010) , potato (Kumari and Das 2013) and Rosa sp. . High expression or activity of vacuolar invertases has mainly been reported in elongating tissues including grape berry (Davies and Robinson 1996) , carrot taproot (Tang et al. 1999 ) and sugar beet petioles (Gonzalez et al. 2005) , emphasizing their evident role in plant cell expansion (Gonzalez et al. 2005 , Sergeeva et al. 2006 . The function of vacuolar invertase in the establishment of sink strength has also been proposed on the basis of computational modeling (Nagële et al. 2010) . While the expression level of vacuolar invertase is under the control of endogenous and exogenous stimuli (Dorion et al. 1996 , Xu et al. 1996 , Greiner et al. 1999 , Kim et al. 2000 , Andersen et al. 2002 , Gonzàlez and Cejudo 2007 , Proels and Roitsch 2009 , nothing is known regarding the mechanistic basis behind that control. For example, water-stressed maize plants exhibited increased acid invertase activity and hexose (glucose and fructose) accumulation, linked to the up-regulation of Ivr2, a vacuolar invertase gene, in vegetative sink and source organs (Kim et al. 2000) . Providing ABA to the root medium of hydroponically grown maize plantlets stimulated the activity of vacuolar invertases and increased the transcript levels of Ivr2 in leaves and roots (Trouverie et al. 2004) . Invertase genes (Ivr1 and 2) are sugar modulated and fall into two classes with contrasting responses (Xu et al. 1996) . Ivr2 is up-regulated by glucose or sucrose supply, while Ivr1 is downregulated under the same experimental conditions. Despite these findings, many questions still remain unanswered: for example, nothing is known about the mode of action of different stimuli-synergistic/agonistic/antagonistic-on the expression of genes encoding sucrose-cleaving enzymes, or on the nature of the cis-elements putatively involved in their regulation. Present knowledge on the transcriptional regulation of invertase genes appears very scarce compared with the extensive studies on the fine-tuning mechanisms implied in the signaling pathways of different endogenous and exogenous stimuli and their target genes (Mishra et al. 2009 , Das et al. 2012 , Kushwah and Laxmi 2014 . Moreover, even if the regulation of invertase expression has been reported in many physiological contexts, nothing is known within the context of bud outgrowth, a key process in plant branching.
As sessile organisms, plants have evolved a diversity of mechanisms to perceive and to integrate endogenous (hormones and nutrients) and exogenous (light, temperature) signals in their growth and development program (Alabadi and Blazquez 2009). Light is sensed by different photoreceptors that detect different light wavelengths (Eckardt 2003 , Chen et al. 2004 , Azari et al. 2010 . Downstream from the photoreceptors, positive and negative regulation of light-responsive transcription factors occurs (Jiao et al. 2007, Leivar and Monte 2014) . These light-responsive transcription factors were identified through genetic analyses of mutants deficient in their response to light and through screens for light-responsive cis-elementbinding proteins. The GATA-box, G-box, GT-1-box and I-box are important in light-regulated gene expression (Donald and Cashmore 1990 , Teackle et al. 2002 , Jeong and Shih 2003 , Choudhury et al. 2008 . Plant hormones are also perceived and initiate a transduction signal which is a powerful driver for the regulation of plant growth and development (Nemhauser 2008) . Their effect can occur through transcriptional regulation of gene expression; a huge number of promoter motifs have already been identified as hormone responsive (Abe et al. 2003 , Chen et al. 2006 . Many investigations show that the effect of hormones can be affected by light, supporting a cross-talk between light and hormone signaling pathways (Alabadi and Blazquez 2009 , Halliday et al. 2009 , Hornitschek et al. 2012 , De Lucas and Prat 2014 . Light and auxin interact cooperatively to control adventitious root formation (Sorin et al. 2006) , while light and gibberellin antagonize each other to control hypocotyl elongation (Alabadi and Blazquez 2009, Claeys et al. 2014) . Sugar availability also affects plant growth, as sugars serve both as carbon and energy sources for cell metabolism and as effective signaling molecules (Smeekens et al. 2010 , Bihmidine et al. 2013 , Smeekens and Hellman 2014 . Sugars can regulate the expression level of a variety of genes, whose promoters contain many sugar-responsive cis-elements (Ishiguro and Nakamura 1992 , Grierson et al. 1994 , Cakir et al. 2003 , Sun et al. 2003 , Morikami et al. 2005 . Different sugar signaling pathways have been described Smeekens 2009, Li et al. 2011) and show that the expression of certain genes is under the control of both sugar and light (Joeng et al. 2010) . A reciprocal relationship between circadian clock and sugar signalling was also recently demonstrated (Bolouri Moghaddam and Van den Ende 2013). The core central oscillator CCA1, TOC1 and GI genes are stimulated by sucrose (Knight et al. 2008 , Dalchau et al. 2011 , and both invertase enzyme activity and gene expression are under the control of the circadian clock (Gonzalez et al. 2005) . On the other hand, it was recently reported that soluble sugars increase the concentration of reactive oxygen species (ROS) scavengers (Bolouri-Moghaddam et al. 2010 , Keunen et al. 2013 .
Among sucrose-cleaving enzymes, a vacuolar invertase (RhVI1) is positively correlated with the potential outgrowth of buds under light in rose buds (Girault et al. 2010 ). This is not the case for RhVI2 ), or for cell wall invertase (Girault et al. 2010) ; this can reveal great flexibility in the control of source-sink relationships in plants (Tymowska-Lalanne and Kreis 1998). Pharmacological experiments based on the exogenous application of sucrose or its non-metabolizable analog (palatinose) to in vitro cultured buds showed that light and sucrose act synergistically to induce both RhVI1 expression and total vacuolar invertase activity . Similarly, the effect of light was abolished following the addition of a gibberellin biosynthesis inhibitor to the growth medium (Choubane et al. 2012) ; stimulation of RhVI1 under light therefore requires gibberellin neobiosynthesis in buds. These findings reveal that RhVI1 expression is under the synergistic effect of light and sugar, and also of light and gibberellin, and offer an original framework to address the molecular mechanism behind this regulation. They make it a potential candidate for the integration of light, sucrose and gibberellin signaling during the early phase of bud outgrowth. As a first step towards deciphering the molecular mechanism that controls RhVI1 expression in bud outgrowth, we cloned the 895 bp promoter of RhVI1 and carried out its functional analysis in a homologous system consisting of rose cell suspension cultures. We developed a direct procedure to achieve stable transformation of rose cells, using Agrobacterium tumefaciens to avoid somatic embryogenesis which remains very time-consuming for many woody plants. Our results demonstrate that the 468 bp RhVI1 promoter fragment is sufficient to confer up-regulation in response to sugars, light and gibberellins independently of each other. Finally, we propose the -595 bp to -468 bp region as being required for light and sugar and light and gibberellin to act synergistically.
Results

RhVI1 exhibits restricted expression in epidermal cells during bud burst under light
Our early data indicated that RhVI1 expression was up-regulated in bursting buds (Girault et al. 2010 . To localize it more precisely within bud tissues, we conducted in situ hybridization experiments on bursting buds. Such an approach has previously only been used on Zea mays roots (Kim et al. 2000) and cotton fibers (Wang et al. 2010) . We first identified different bud tissues (Fig. 1A) , and then we hybridized longitudinal sections of bursting buds with specific antisense probes in situ (positive hybridization, Fig. 1C, D) . RhVI1 transcripts were found in the epidermal cells of young leaves and of primordial leaves, in a non-continuous manner (Fig. 1C, D) . Under the same experimental conditions, no staining was found after hybridization with the sense probe as a negative control (Fig. 1B) , supporting a tissue-specific localization of RhVI1.
Identification of cis-elements involved in sugar, gibberellin and light signaling in the RhVI1 promoter
We previously isolated two cDNA sequences encoding two different isoforms of vacuolar invertase (RhVI1 and RhVI2) from rose buds and characterized them regarding the regulation of their expression by light, sugars and gibberellins (Choubane et al. 2012 . Unlike RhVI2, RhVI1 responds to sugar and light , that is why we focused the present study on the transcriptional control of RhVI1. To elucidate further the regulation of RhVI1, 895 bp of its 5 0 regulatory region upstream of the translation start codon was isolated.
In silico analysis of the 895 bp pRhVI1 revealed the presence of 39 motifs potentially involved in the response to light, sugars and hormones ( Table 1 ), suggesting that transcription of RhVI1 might be controlled by various exogenous and endogenous factors. We found a TATA-box and a CAAT-box, which allow for transcription initiation, at -89 bp and -100 bp upstream of the translation start codon, respectively. Among these 39 motifs, we found two types of cis-elements related to sugar regulation. The first one is a sugar-repressive element (SRE; TTATCCA; Tatematsu et al. 2005) responsive to both sucrose and glucose starvation (Toyofuku et al. 1998 , Wang et al. 2007 . It is localized at -505 bp, and corresponds to an SRE initially characterized as a binding site for three MYB proteins involved in sugar and hormonal regulation of a-amylase in rice (Fig. 2 , highlighted in gray) (Lu et al. 2002) .
The second one, a WBOXHVISO1 motif characterized by the TGACT sequence (Fig. 2, highlighted in red) , has been previously demonstrated to be the binding site of a SUgar SIgnaling in Barley 2 (SUSIBA2) transcription factor responsible for a positive response of isoamylase to sucrose during barley seed development (Sun et al. 2003 , Sun et al. 2005 . WBOXHVISO1 is present in two copies, localized at -315 and -156 bp upstream of the first codon. We identified 18 motifs involved in transcriptional regulation by hormones along the 895 bp promoter sequence of the pRhVI1 gene ( Table 1) . Among them, 17 were putatively involved in the gibberellin signaling pathway and distributed as follows: four copies of a gibberellin-responsive element (GARE) cis-element (C/TAACC/GG/AA/CC/A) known to bind a GAMyb transcription factor (Woodger et al. 2003) , located at -859, -524, -408 and -111 bp, respectively (Fig. 2, dark box) , nine motifs carrying the GTCA/TGAC nucleotide sequence, known to bind the rice WRKY71 transcriptional repressor of the gibberellin signaling pathway (Zhang et al. 2004) , located along the pRhVI1 promoter Fig. 2, underlined) and four pyrimidine boxes (C/TCTTTT) known to bind a DOF transcription factor (Isabel-La Moneda et al. 2003) located at -734, -576, -255 and -128 bp, respectively (Fig. 2, yellow  highlighted) . Finally, an ABA-responsive cis-regulatory element (called MYB2consensusAT), located at -319 bp, corresponds to a MYB recognition site found in the promoter of the dehydration-responsive gene rd22 in Arabidopsis (Abe et al. 2003) and required for ABA induction. In addition, pRhVI1 carried numerous light-responsive cis-acting elements (LREs) (the GT-1-box, GATA-box, I-box and E-box) (Borello et al. 1993 , Zhou 1999 , Toledo-Ortiz et al. 2003 . Among them, five of the seven GT-1-boxes we identified were grouped in the distal part of the promoter (-603, -577, -557, -500, -493, -180 and -128 bp) , and so were the two GATA-boxes located at -582 and -500 bp upstream of the start codon and the I-box that overlapped with the GATA-box at position -500 bp. We further performed the functional analysis of the proximal part (595 bp) of the RhVI1 promoter since it includes all SREs and the most lightand gibberellin-responsive elements. These findings showed that most interesting cis-regulatory elements (i.e. related to sugars, light or hormonal signaling) were primarily found in the 595 bp proximal region.
Rosa hybrida cell culture and its direct genetic transformation
To gain further insight into the physiological significance of the cis-acting elements necessary for sugar, light and gibberellin regulation of RhVI1 expression, an R. hybrida cell culture was initiated and the stabilized culture was transformed with different RhVI1 595 bp proximal promoter deletions. To avoid the limited efficiency and the hazardous character of transient expression in cells and the difficulties associated with their co-transformation with a second reporter gene as an internal control, we developed a method for direct stable transformation of rose cells in suspension using A. tumefaciens. For that purpose, a rose cell suspension was initiated from R. hybrida cv. 'Orange' leaves and petioles by inducing cell dedifferentiation and callogenesis. The friable calli were added to a liquid culture medium under shaking to produce a rose cell suspension. The cultured cells were transformed using A. tumefaciens strain EHA 105 carrying binary vectors with the chimeric fusions of the p35S::uidA and pRhVI1::uidA reporter genes. The cell suspensions were acclimated to light or dark conditions.
Whether under dark or light conditions, the rose cell culture grew exponentially from the first day to the fourth day (50-220 mg of dry cells) followed by a stationary phase from the fifth day to the seventh day (Fig. 3A , dotted curves). This heterotrophic system used the sucrose initially present in the medium as the main carbon source. The sucrose content dropped sharply and the culture medium was completely depleted at day 2 (38 down to 0 mM). Conversely, the concentration of hexoses, derived from sucrose hydrolysis, increased during the first 2 d and then progressively declined. Glucose decreased more rapidly than fructose, and glucose was totally depleted at day 5, which coincides with the beginning of the stationary phase.
To gain insight into the transcriptional regulation mechanisms of RhVI1, we stably transformed Rosa cells in suspension culture with the p595RhVI1, p468RhVI1, p307RhVI1 and p148RhVI1 promoters fused to the uidA reporter gene (Fig. 3B) . A b-glucuronidase (GUS) histochemical assay also revealed that the cells had been successfully transformed (Fig. 3C) . We conducted the expression analysis 48 h after cell subculturing, i.e. in the middle of the exponential phase. The cells were then rinsed three times with Murashige and Skoog (MS) medium without sugars. At that point of cell growth, the culture medium was completely sucrose depleted, which is probably due to metabolic activity of the cell culture, and appeared to be the most suitable time for treatment with different effectors (Fig. 3A) .
Transcriptional regulation of pRhVI1 is modulated by sucrose and fructose in the absence of light
To assess the sugar responsiveness of pRhVI1, we tested the proximal promoter region and its deletions (Fig. 4A) for their response to different metabolizable sugars [sucrose, glucose and fructose at 58 mM] after 24 h incubation in the dark (Fig. 4) . We further analyzed the expression levels conferred by these promoters by quantifying GUS activity (Fig. 4B) . We used mannitol (58 mM) as an osmotic agent and considered the resulting reporter gene activity as a control.
In the dark, GUS reporter gene expression conferred by the proximal promoter (595pRhVI1) was low [100 pmol methylumbelliferone (MU) min À1 mg À1 protein], and statistically similar for all our metabolizable sugars (sucrose, glucose and fructose) and mannitol. Conversely, the first deletion (468pRhVI1), that caused the loss of the SRE cis-repressive element, promoted a significant induction of GUS activity by sugars. Sucrose and fructose induced the expression of the RhVI1 promoter by 3-and 2.5-fold, respectively, compared with mannitol (sucrose, 205 pmol MU min À1 mg À1 protein; fructose, 165 pmol MU min À1 mg À1 protein). Interestingly, we observed no significant induction of GUS activity when the cells were incubated with glucose (Fig. 4B) .
Compared with 468pRhVI1, the 307pRhVI1 and 148pRhVI1 truncated promoters reduced reporter gene expression: GUS activity dropped significantly to 30 and 10 pmol MU min À1 mg À1 protein, respectively. These results suggest that a WBOXHVISO1-positive sugar cis-acting element may play a crucial role in the control of pRhVI1 transcriptional activity.
Light and sugar affect pRhVI1 expression synergistically
Previous data showed up-regulation of RhVI1 by light in the buds of beheaded plants (Girault et al. 2010 ) and this effect was enhanced by sugars . As the response to sugars was abolished by the 307pRhVI1 and 148pRhVI1 deletions but was maintained by the proximal promoter 595pRhVI1 and the 468pRhVI1 deletion, we only studied these last two transformants for their response to the combined effects of light and sugars (Fig. 6) . First, we analyzed the response of pRhVI1 to light only by incubating cultured cells with mannitol as the sole carbon source under light. As shown in Fig. 5 , similar GUS activity was observed for both the 595pRhVI1 and 468pRhVI1 constructs under light, and was 1.5-and 2-fold higher than in the dark, respectively. The light-responsive cisacting elements (E-box and GT-1-box) present in the 468pRhVI1 promoter region seem to be sufficient to confer a similar induction of GUS expression to the level conferred by the proximal 595pRhVI1 promoter in response to light. This result may account for high expression of RhVI1 in buds kept under light compared with darkness .
Interestingly, the two constructs were significantly induced by metabolizable sugars combined with light (Fig. 6) . Under the control of the proximal 595pRhVI1 promoter, we noted a significant enhancement of GUS expression in the presence of sucrose and light (3-fold, 500 pmol MU min À1 mg À1 protein). We observed a similar effect, yet at a lower level, when we combined glucose or fructose with light (1.5-and 1.2-fold, respectively, compared with mannitol). The 468pRhVI1 promoter induced weaker GUS expression than 595pRhVI1 (300 pmol MU min-1 mg À1 protein) when sucrose and light were combined. Altogether these results indicate that sugars, especially sucrose, combined with light are required for the strong up-regulation of pRhVI1 expression, and that the -595 to -468 bp region may be necessary for this synergistic effect. Such a region is marked by the overlapping of one motif for sugar repression (SRE) and different LREs (GATA-box, I-box and GT-1-box) (Fig. 2, Table 1 ).
pRhVI1 is under the control of the synergistic effects of light and gibberellins
Gibberellins and light modulate bud burst in Rosa sp. (Choubane et al. 2012) . Moreover, the effect of light on RhVI1 expression involves gibberellin biosynthesis in buds (Choubane et al. 2012) . In order to investigate the effect of gibberellins on the RhVI1 promoter, we incubated Rosa cell cultures with mannitol and exogenous GA 3 under light or dark conditions.
The effect of gibberellins on RhVI1 might involve the WRKY71OS or GAMYB cis-elements carried by the RhVI1 proximal promoter (Table 1) . In the dark, we found similar GUS activity levels for the 595pRhVI1 and 468pRhVI1 constructs, with 2.0-and 2.8-fold, respectively, higher reporter gene expression in the presence of gibberellin than in the mannitol control (Fig. 7) . Compared witho 595pRhVI1, this higher induction (2.8-fold) conferred by 468pRhVI1 might reflect the loss of two WRKYOS71 gibberellin-repressive elements. GUS expression conferred by 595pRhVI1 and 468pRhVI1 was 2-fold higher under light than in the dark, but similar to gibberellin treatment in the dark (Fig. 7) . However, under combined light and gibberellin conditions, the proximal promoter induced a sharp increase in GUS activity, up to 500 pmol MU min À1 mg À1 protein (2.5-fold) compared with gibberellin in the dark (Fig. 7) . In contrast, GUS activity induced by 468pRhVI1 increased weakly (1.3 -fold; 260 pmol MU min À1 mg À1 protein) compared with the dark conditions (Fig. 7) .
Our results indicate that the combination of gibberellin and light strongly up-regulates pRhVI1 and that the -595 to -468 bp region might be required for the synergistic effect of light and gibberellin. This region encompasses both gibberellinand light-responsive elements: two repeats of WRKYOS71 gibberellin-cis-repressing elements and one GAmyb-cis-activating element, surrounded by four GT-1-boxes and two GATA-boxes (Table 1 ) which could work together in this response.
Discussion
Soluble sugars as well as gibberellins contribute to the effects of light on bud burst and vacuolar invertase through the regulation of RhVI1 expression and to its effects on the activity of vacuolar invertases (RhVIs) (Girault et al. 2010 , Choubane et al. 2012 . To decipher the functional mechanism of the regulation of RhVI1 expression, we isolated the 895 bp promoter of RhVI1. Based on in silico analysis, we investigated the regulation of its 595 bp proximal promoter region that bears most of the cis-elements responsive to light, sugar and gibberellins in stably transformed R. hybrida cell culture. The proximal promoter region has been reported to be sufficient to control the expression of Vitis vinifera hexose transporter (VvHT1) in cell culture or to confer organ-specific and light-regulated transcription to the rice rubisco activase gene (Rca) in transgenic Arabidopsis , Yang et al. 2012 ). We generated transgenic R. hybrida cells and stabilized them within 8 weeks, and used them as a powerful tool for studying the effects of different treatments (light, sugars and hormones) on pRhVI1 expression. Stably transformed cell suspensions appeared as a suitable model for promoter functional study, and added further details to our previous analysis on isolated rose buds cultivated in vitro (Fig. 3A) . The successful use of A. tumefaciens for genetic transformation of different Rosa species has already been reported (Firoozabady et al. 1994 , Dohm et al. 2001 , Condliffe et al. 2003 , Vergne et al. 2010 ), but ours is the first direct method for stable genetic transformation of Rosa cells in culture.
Sugars, gibberellins and light independently regulate the response of RhVI1 in a Rosa cell homologous system
To identify the promoter regions that respond to sugars, gibberellins and light independently, we fused 5 0 -end deletions of the RhVI1 proximal promoter to the GUS reporter gene and used the construct to transform Rosa cells (Fig. 4A) . In silico analysis of the RhVI1 895 bp promoter revealed the presence of many sugar-, gibberellin-and light-related cis-acting elements ( Table 1 ). The two sugar-responsive motifs found in this promoter (one SRE and two WBOXHVISO1) have previously been reported. The SRE was first identified in the promoter of the rice a-amylase gene amy7 (Morita et al. 1998) and then in many a-amylase promoters in rice and barley (Yu et al. 1996 , Perata et al. 1997 ). This motif is generally functionally active in one copy (Lu et al. 1998) , and was recognized by the OsMYBS1, OsMYBS2 and OSMYBS3 transcription factors, leading to the induction of a-amylase expression under sucrose and glucose starvation in rice (Morita et al. 1998 , Toyofuku et al. 1998 , Lu et al. 2002 . Nothing is known about induction of a-amylase expression by fructose. The promoter of 20 rice genes, whose expression is significantly controlled by sucrose starvation, contains this SREt (Wang et al. 2007 ). Moreover, down-regulation of the Arabidopsis dormancy-associated gene AtDRM1 by sugar is related to the presence of an SRE on the AtDRM1 promoter (Tatematsu et al. 2005) . In agreement with this finding, we observed increased activity of the RhVI1 promoter in response to sucrose and fructose but not to glucose in the dark after deleting the promoter region located between -595 and -468 bp encompassing the SRE (located at -505 bp). The sugarrepressive role of SRE has been reported for potato vacuolar invertase (StvacINV1) under light (Ou et al. 2013) , whose proximal promoter (500 bp) contains seven SREs in comparison with one SRE in the promoter of RhVI1.
The Wbox (WBOXHVISO1) was first identified in the promoter of the isoamylase gene iso1 in barley; it is recognized by SUSIBA2, a transcription factor belonging to the WRKY family, which can also bind to the SURE cis-element (Sun et al. 2003) . This Wbox exists in one copy in the iso1 promoter and is involved in sugar signaling under light (Sun et al. 2003) . However, many promoters contain two, close or distant, Wbox cis-elements that bind WRKY transcription factors as homo-or heterodimers (Marè et al. 2004 , Ciolkowski et al. 2008 . Similarly, two copies of the WBOXHVISO1 sugar-responsive motif exist on the proximal promoter of RhVI1 (at -315 and -156 bp of a 468 bp fragment) ( Table 1 ) and might be required for induction by sucrose and fructose in the dark (Fig. 4B) . SRE and WBOXHVISO1 were also recently identified in the promoter of the bamboo vacuolar invertase gene (Bofruct3). However, nothing is known about their functional activity in response to sugars (Liao et al. 2013 ). These findings confirm that sugars control RhVI1 expression independently of light, and may at least partially explain the ability of sucrose, and to a lesser extent fructose, to induce RhVI1 expression in Rosa vegetative buds under darkness .
Gibberellins regulate many phases of plant development such as seed germination or flowering transition and then control the expression of many functionally different genes including vacuolar and cell wall invertase genes during seed germination (Mitsuhashi et al. 2004) , a-amylase genes in barley embryos (Morita et al. 1998) , the sucrose synthase gene in cotton fibers (Bai et al. 2014 ) and the vacuolar invertase gene RhVI1 in Rosa sp. ). The proximal promoter of RhVI1 (595pRhVI1) contains two different types of cisacting elements potentially involved in the response to gibberellins, i.e. three GAREs and seven WRKY71OSs ( Table 1) . The GARE is targeted by the R2R3-type positive transcription factor GAMYB in barley, and up-regulates a-amylase independently of sugars in barley (Gubler et al. 1995) and rice (Chen et al. 2006) . This GARE motif is also responsible for the gibberellin-mediated up-regulation of parietal invertase lin5 expression in tomato (Proels et al. 2003) . More recently, eight and one GARE ciselements were identified in the promoters of the vacuolar invertase genes StvacINV1 and Bofruct3, respectively, and StvacINV1 was the only one whose expression was proposed to be up-regulated by gibberellin through the GARE motif under light (Liao et al. 2013 , Ou et al. 2013 ). In our conditions, the GARE motif could potentially be involved in the gibberellinmediated stimulation of RhVI1 expression in the dark (Fig. 7) , suggesting that such a gibberellin signaling pathway could be independent of light conditions. Besides the GARE motif, the promoter of RhVI1 contains seven WRKY71OS cis-elements in the -595 to -468 bp region (Table 1) , that were first identified in the promoter of Amy32b in rice and are recognized by the transcriptional WRKY repressor (Zhang et al. 2004 ). The gibberellin-triggered increase in 468pRhVI1 activity (2.8-fold) was higher than for 595pRhVI1 (2-fold) that bears two copies of the WRKY71OS repressive cis-element. Therefore this gibberellin signaling pathway could also be involved in the regulation of RhVI1 expression.
In silico analysis of the RhVI1 proximal promoter (595pRhVI1) also revealed the presence of 13 cis-acting elements potentially involved in the response to light [GT-1-box (5), E-box (3), GATA-box (2), I-box (1) and circadian LHC (2)] (Sarokin and Chua 1992 , Lu et al. 2002 , Sun et al. 2003 ( Table 1, Fig. 2 ). These motifs were identified in the promoters of many light-responsive genes (Lam and Chua 1990 , Borello et al. 1993 , Teakle et al. 2002 , but only scarce data are available for genes encoding sugar metabolism enzymes. The GATA-box LRE has functional significance in the regulation of the promoter of banana SPS (sucrose phosphate synthase) under light (Choudhury et al. 2008 ). More recently, it was found that light-induced expression of Bofruct3 could involve seven LREs including SORLIP-1 (2), SORLIP-2 (1), SORLREP-3 (2), TATTCT (1) and GT-1 (1) (Liao et al. 2013) , and only GT-1 is shared with the RhVI1 promoter. This suggests that all these ciselements are functional and that they might work together. Reporter gene activity conferred by the RhVI1 promoter increased by 2-fold under light compared with darkness ( Fig. 5) in mannitol-treated cells whatever the construct used (595 and 468 bp). These results suggest that the GT-1-box and E-box found in the 468 bp region are sufficient for light responsiveness, independently of sugar and gibberellin.
The synergistic effects of light and sugar and light and gibberellin are triggered through cis-acting elements localized in the RhVI1 proximal promoter
The synergistic effect of light and sugars on RhVI1 promoter activity (Fig. 6) was obvious for the proximal promoter, which bears an SRE (TTATCCA, position -505 bp) between -595 and -468 bp, and a few copies of two different light-responsive motifs, i.e. GT-1 (-577, -557, -500 and -493 bp) and GATAboxes (-582 and -500 bp). One possible explanation is that light may remove the repression effect related to the sole SRE-mediated sugar, either due to competition of the two transcription factors for the overlapping cis-elements in pRhVI1 (Lodish et al. 2000) or by steric interference with other transcription factors binding to their own consensus sequences (Lee et al. 2003) . In Arabidopsis, the interaction of the ABI4 transcription factor with the ABI4 binding site could prevent the binding of G-box binding factor to the closely associated G-box motif present in the RBCS promoter (Acevedo-Hernandez et al. 2005 ), leading to the down-regulation of RBCS under light. The synergistic effect of light and sugar (i.e sucrose) on pRhVI1-conferred transcription is in accordance with their impact on RhVI1 expression in vegetative buds , and with their promoting action on cell elongation in growing organs (Wu et al. 1993 , Weber et al. 1996 , Stewart et al. 2011 . Such a synergistic effect of light and sucrose might be achieved through PIF transcription factors, which are G-box-(Ebox) binding proteins (Ni et al. 1998) , that act as integrators in light-and sugar-mediated responses (Huq et al. 2004 , Kumar et al. 2004 , Stewart et al. 2011 .
Similarly to light and sucrose, light and gibberellins strongly up-regulated 595pRhVI1 (Fig. 7) , in agreement with our previous results in Rosa sp. (Choubane et al. 2012) . The same synergistic effect of light and gibberellins is well documented for seed germination (Yamaguchi and Kamiya 2002) and differs from that reported during hypocotyl elongation (Peng and Harberd 1997) . On the other hand, functional analysis of the a-amylase promoter in barley highlights the existence of a gibberellin-responsive regulatory complex named the GARC domain (Isabel-La Moneda et al. 2003 ) made of three sequence motifs: a GAREt, the pyrimidine box C/TCTTTT, and an SRE (Skriver et al. 1991 , Gubler and Jacobsen 1992 , Rogers et al. 1994 working in concert. Similar regulation cannot be ruled out for our RhVI1 promoter, due to the presence of one pyrimidine box (C/TCTTTT, at -576 bp) that may play a role in RhVI1 regulation by gibberellin together with the GARE ciselement (at -524 bp) and the SRE (at -505 bp). It is well established that the light-gibberellin interaction relies on a nuclear protein cascade involving light, PIF and gibberellin signaling factors such as DELLA (a gibberellin signaling repressor) and GID1 (a gibberellin receptor) (De Lucas et al. 2008 , Nunez-Flores et al. 2010 , Leivar and Quail 2011 . Interestingly, a connection beween DELLA and sucrose has recently been established, making DELLA a new key component in sucrose signaling (Li et al. 2014) and placing DELLA at the center of a network connection of light, sugar and gibberellin.
Our results support the finding that the synergistic effects of light and gibberellin on the one hand, and light and sugar on the other hand, on pRhVI1 expression require a 127 bp region located between -595 and -468 bp (Fig. 8) . While vacuolar invertase is subjected to many types of regulation including post-translational regulation (McKenzie et al. 2013 , Tauzin et al. 2014 , we propose here a working model suggesting that these synergistic effects on pRhVI1 activity may be due to the ability of light to remove the negative responses to sugar (via SRE) and to gibberellin (via WRKY710S). It will be interesting to identify the transcription factor network involved in the response of RhVI1 gene expression to light, gibberellin and sugars, and to unravel the molecular mechanisms behind this transcriptional regulation.
RhVI1 is expressed specifically in the epidermis cells of expanding tissues in Rosa buds
In situ hybridization showed that RhVI1 mRNA was mainly restricted to the epidermal cells of young leaves and leaf primordia of Rosa sp. buds (Fig. 1) , which is in accordance with the presence of two epidermis tissue-specific cis-elements (L1box, -847 and -355 bp) on the promoter of RhVI1 (Fig. 2) . The epidermal localization of RhVI1 expression supports its role in the expansion of young leaves and leaf primordia during bud outgrowth. Epidermal cells are formed from the outermost L1 layer in the shoot apical meristem (SAM), and are well known to be the growth-limiting cell layer in plants ( Savaldi-Goldstein et al. 2007 , Savaldi-Goldstein and Chory 2008 , Nobusawa et al. 2013 . Epidermal cells control organ growth by modulating the cell division activity of the ground tissue in response to the mechanical constraints from the epidermis (Fleming et al. 1997) or to the spatial distribution of cytokine biosynthesis within organs (Nobusawa et al. 2013) .
Bud outgrowth of Rosa sp. requires light perception by buds (Girault et al. 2008) , and the morphogenetic effect of light is associated with an important flux of sucrose to the axillary buds involving the activity of RhSUC2 (Henry et al. 2011 ) along with stimulation of gibberellin neo-biosynthesis within the buds (Choubane et al. 2012) . It is likely that under light, part of the bud-imported sucrose acts synergistically with light to up-regulate the expression of RhVI1 and its protein activity ; Fig. 6 ), in epidermal cells. This is in line with data of Mason et al. (2014) showing that sucrose, and not auxin, is the initial regulator of bud outgrowth in pea. Moreover, vacuolar invertase is well known to promote sink strength (Nagële et al. 2010) and cell expansion in a range of growing tissues (Davies and Robinson 1996 , Tang et al. 1999 , Andersen et al. 2002 . Epidermal cells also exhibit high sensitivity to exogenously applied hormones, such as gibberellin (Steffens and Saute 2005) , that promotes the elongation activity of the pre-formed leaves at the flank of the meristem (Hay et al. 2002) .
These findings and our previous data (Girault et al. 2010 , Henry et al. 2011 , Choubane et al. 2012 shed light on the synergistic effects of light and sugar and light and gibberellin on the expression of epidermis-localized RhVI1. They also pave the way for uncovering the trans-acting factors that contribute to light and sugar and/or gibberellin signaling and how epidermal cells could perceive and integrate all these endogenous and exogenous cues.
Materials and Methods
Plant material and growth conditions
Two R. hybrida cultivars were used for this study. Rosa hybrida cv. 'Radrazz' was used to isolate pRhVI1. Rosa hybrida cv. 'Orange' was used to generate the cell suspension. The cells were maintained in MS medium supplemented with 2,4-D (1 mg ml
À1
) and kinetin (1 mg ml À1 ) at 27 C on an orbital shaker (150 r.p.m.), and subcultured weekly. To keep a selection pressure on the transformed cells and to eliminate Agrobacterium, two antibiotics, kanamycin (300 mg ml
) and cefotaxime (500 mg ml À1 ), were added to the medium.
Isolation and characterization of pRhVI1
A genomic DNA library was used to isolate the promoter of the RhVI1 gene . The isolation of the genomic fragment was performed with a 'BD Genome Walker System Universal' kit (BD Bioscience) according to the manufacturer's instructions and using the following primers for RhVI1: pRhVI1/ 1 (5 0 ATGGACACTAGTACTTCTGCCTACGCTCCC) and AP1 (5 0 CCATCCTAAT ACGACTCACTATAGGGC).
In silico analysis of the RhVI1 promoter sequence was performed using the PlantPAN program (http://plantpan.mbc.nctu.edu.tw/seq_analysis.php; Chang et al. 2008) . Sequence alignment was performed using the ClustalW program (http://www.ebi.ac.uk/Tools/msa/clustalw2/; Larkin et al. 2007 ).
For 5 0 -end deletions of pRhVI1, the promoter sequence was PCR-amplified using the following primers: 595pVI_S (5 0 AAAAAAGCAGGCTAGGCTGTCAA CCAAGACAAC), 468pVI_S (5 0 AAAAAA GCAGGCTTGTGCAGATTTGCTCAC C), 307pVI_S (5 0 AAAAAAGCAGGCTTCCTTTAGGTGAACATGCC), 148pVI_S (5 0 AAAAAAGCAGGCTCCTTCTCCGATCTCTCTC) and 21pVI_R (5 0 AAGAAA GCTGGGTGGGGGGTGGGTTTAAATAGG) carrying B1 and B2 GATEWAY Õ recombination sites (Invitrogen). The PCR products were cloned according to the manufacturer's instructions by BP recombination into pDONR207 and subsequently LR recombined into the destination vector pBI101R1R2 for Rosa cell transformation (Baudry et al. 2006) Rosa cell culture initiation and transformation A rose cell suspension was initiated. from R. hybrida cv. 'Orange' leaves and petioles by inducing callogenesis on solid MS medium (Duchefa), supplemented with 2,4-D (1 mg l À1 ), kinetin (0.5 mg l
À1
) and sucrose (30 g l À1 ), pH 5.7, at 24 C in the dark. Undifferentiated and friable calli were successfully obtained, and allowed for the production of a rose cell culture by callus disaggregation in MS liquid culture medium supplemented with the same abovementioned hormones, under orbital shaking at 160 r.p.m., at 27 C in the dark.
Rose cells were transformed using A. tumefaciens strain EHA 105 carrying binary vectors with the chimeric fusion of the Cauliflower mosiac virus (CaMV) 35S promoter::uidA reporter gene. Stable transformation was achieved by inoculating 4 ml of the rose cell suspension at the exponential phase (5 d after subculturing) with 100 ml of the bacterial suspension (virulence was previously induced by treatment with 100 mM acetosyringone) in a 5 cm diameter Petri dish. Co-culture was maintained for 48 h in the liquid MS medium, supplemented with 2,4-D (1 mg l
) and kinetin (0.50 mg l À1 ), at 27 C in the dark. After this co-culture period that allowed for the growth of both plant and bacterial cells, rose cells were washed three times with the same liquid medium supplemented with the antibiotics kanamycin (300 mg l
) and cefotaxime (500 mg l
) purchased from Duchefa. The cells were further transferred and grown on a three-layer medium consisting of: (i) a bottom solid layer of MS medium; (ii) a middle semi-solid layer of 1% (w/v) low-melting agarose in MS liquid medium containing the treated cells; and (iii) an upper liquid layer of MS medium to avoid cell dehydration. Each layer was supplemented with the same antibiotics at the abovementioned concentrations. Thus, immersed R. hybrida transformed cells were grown and selected at 24 C in the dark for at least 2 months. The small transgenic calli were re-suspended in liquid MS medium with the same antibiotic concentrations, and cultured for several weeks at 27 C on an orbital shaker at 160 r.p.m. in the dark to form a homogenous cell suspension. Integration of the transgene into the genome of Rosa cells was confirmed by histochemical GUS assay.
The transgenic rose cell culture obtained by this new procedure and the untransformed control cell suspension were maintained by weekly subculturing of the cells in fresh medium [10 : 40 (v/v) ], with or without antibiotics, respectively, under light and dark conditions.
GUS fluorimetric assay and histochemical assay
The GUS fluorimetric assay was performed on the different stably transformed cell suspensions with each pRhVI1 deletion according to Jefferson et al. (1987) . Fluorescence emission was measured using a 'Fluostar Omega' microplate fluorometer (BMG Labtech).
To perform the fluorimetric assay, the cells suspensions were treated with different sugars or sugar analogs and a hormone (GA 3 ) as follows: after 2 d of subculture, the cells were rinsed three times with sugar-free MS medium, and then 58 mM sugars (mannitol, sucrose, glucose and fructose) were added. The effect of gibberellins was also studied by using 5 mM GA 3 , a bioactive form of gibberellin.
Statistical analysis
All results reported here are means ± SEM of at least three independent experiments. We performed an analysis of variance (ANOVA) to test the effect of the different treatments on the GUS activity of the vacuolar invertase promoter. ANOVA was carried out using Statgraphicsplus Õ Software.
In situ hybridization
Preparation of digoxigenin (DIG)-labeled RNA probes for in situ hybridization. DIG-labeled RNA probes were prepared using an in vitro transcription kit (Riboprobe Combination Systems, Promega) according to the manufacturer's instructions. The riboprobes were synthesized from the full-length RhVI1 clones. Antisense and sense probes were transcribed from SP6 or T7 RNA polymerase promoters after linearization of the vector with NcoI or PstI, respectively. Full-length probes were treated by alkaline hydrolysis, as described previously by Winzer-Serhan et al. (1999) , to produce 250 bp fragments.
Cytochemical methods for light microscopy. Harvested buds were fixed on ice under vacuum in 4% (w/v) paraformaldehyde in 1Â phosphate-buffered saline (pH 7) for 3 h, then dehydrated in an ethanol series, transferred to an embedding solvent (Histochoice, Sigma) and finally saturated with paraffin (see Péron et al. 2012) . Longitudinal sections (10 mm) were stained with 0.05% toluidine blue O in NaPO 4 buffer (pH 5.5) for 10 min before removing the paraffin (Lozano-Baena et al. 2007 ). The slides were washed with distilled water and dried at room temperature. The paraffin was removed with Histochoice and the slides were mounted with Eukitt (Sigma). In situ hybridization for RhVI1 transcript localization on bud sections was conducted as previously described in Péron et al. (2012) .
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